This research investigated the ionizing radiation effect on thiamine hydrochloride (TH) and its usability as an irradiation dosimeter. The fundamental principle is to determine the concentration variations of TH solutions with high-performance liquid chromatography (HPLC) after exposing to γ-rays. The decreasing peak area of TH in the HPLC chromatogram forms a linear relationship with the rising radiation dose. We investigated the characteristics and suitable application range of the TH as a new radiation dosimeter. The influence factors and mechanism of the reaction induced by radiation were also discussed. According to the correlation between the concentration and the radiation dose, 0.3 g/L of a TH solution is suitable for the 0.1 -10 kGy dose range, and 2 g/L is appropriate for 0.1 -20 kGy. The easy availability and the simple, but stable, chemical structure of thiamine makes it a potential candidate for radiation dose research. Also, the preparation proceeding for sampling is easy, and the result can be automatic monitored by liquid chromatography.
Introduction
The radiation dosimeter is used to indicate the absorbed dose of material as subjected to ionizing radiation. It represents the extent of exposure in an irradiation environment. For example, it can be applied to γ-ray dose measurements of 60 Co or 137 Cs fields widely used in industry. A lot of methods have been developed to measure radiation dose, among which the chemical method is an important component.
Due to the effect of ionizing radiation on materials, it can cause chemical reactions and structural changes. Different materials and their radiation effect have always been interesting topics for researchers. It is also feasible to use the irradiated characteristics of materials to reflect the irradiation doses. Since the earliest application using ferrous sulphate as a dosimeter, various materials have been tested as alternatives, such as methyl red, 1 xylenol orange 2 and fuchsine. 3 The principle is that a decrease in absorbance of the materials after irradiation could reflect the dose. Most of these dosimeters pertain to some kind of dye, which are easily influenced by light after radiation and have poor stability.
Vitamins are a common material, widely used in medical and food research. Previous research has identified their radiation response. When vitamin A and vitamin D are exposed to γ-rays, the content will be changed, and the changes are more obvious in solution than the powder condition. 4 In food irradiation, various kinds of vitamins have different degrees of change, and thiamine is reported as one of the most sensitive ones. The content of thiamine in meat and cereal lends to decrease with the increasing irradiation dose. 5 It has been reported that the decreased content of vitamin B12 is more remarkably in aqueous solution than in the solid state when it is subjected to different doses of irradiation. 6 Cobalamine (vitamin B12) is reported to be used as a dosimeter to determine the radiation dose range of 0.1 -2 kGy; the changes of the absorbance values were measured, and good results between the decreased content and the irradiation dose were obtained. 7 Thiamine is one of the vitamin B family that can be used to treat neuritis. It is also well-founded that thiamine is easily affected by ionizing radiation, 8 as reported by ChauquiOffermanns. Thiamine is stabile in a certain acid environment, so the medicine commercially available is thiamine combined with hydrochloride. In this experiment, we chose a thiamine hydrochloride solution for 60 Co γ irradiation. After this treatment, the solution was analyzed; the contents and components were studied.
Experimental

Material and devices
Thiamine hydrochloride (C12H17ClN4OS·HCl) was obtained from Tokyo Chemical Industry. The equipment referred to in this research are an SPD-M20A photodiode array highperformance liquid chromatograph (Shimadzu, Japan), LCQ ADVANTAGE MAX mass spectrometry (Finnigan, USA) and Nuclear magnetic ASCEND TM 400 BRUKER (Germany). The gamma-radiation source employed in this study was 60 Co with an intensity of 1.5 × 10 15 Bq, provided by the Application of Radiation Technology Research Center in Hunan province, China.
Samples for irradiation
Thiamine hydrochloride (TH) is a white crystal powder with a melting point of 246 -250 C, and has good water-solubility. The molecule is made up with a pyrimidine and a thiazole ring.
Since TH is readily soluble in water, we used water as a solvent to dissolve and make different concentrations of vitamin B1 solutions. First, 200 mg of TH was accurately weighed and dissolved in distilled water, which was then transferred to a volumetric flask and added with water to make a 100-mL solution. Thus, the concentration of the resultant TH solution was 2 g/L. In the same way, a 0.3 g/L TH solution was made. Solutions with lower concentrations, such as 0.05 and 0.005 g/L, could be made by diluting the solution with a concentration of 2 g/L. These solutions were then divided into test tubes with lids. After this, they were sealed up, preserved at room temperature and subjected to irradiation.
Irradiation process
The well-packaged tubes were exposed to a fixed irradiation intensity over a certain time in order to form a 'dose'. In this experiment the irradiation dose rate of γ-rays was 1 kGy/h; the range of samples accepted was from 0.1 to 20 kGy .
Results and Discussion
Thiamine hydrochloride and irradiation dose
There are presently several methods to analyze TH such as fluorescence spectrophotometry, UV spectrophotometry, a resonance Rayleigh scattering method, oscillographic polarography and a high-performance liquid chromatography (HPLC) method, etc. Among these established methods, HPLC has high accuracy, good separation and convenient automation features to determine the composition; and it has gradually become the main qualitative determination method for TH. Thus, in this experiment we chose a HPLC diode array detection with a wavelength of 270 nm and a reverse-phase column to measure the radiation characteristic of the TH solution. 9 The working conditions of HPLC are as follows: Agilent TC-C18 chromatographic column (5 microns, 4.6 × 150 mm), 0.05 moL/L sodium acetate buffer (pH 4.5)-methanol (65:35) as the mobile phase; the column temperature was set at 30 C, the flow rate was 1 mL/min and the injection volume was 20 μL.
After irradiation, TH was separated by a chromatographic column and detected by a diode array detector. Chromatograms of TH solutions with different doses of irradiation are shown in Fig. 1 .
Since the results of chromatographic analysis showed that there is a good correlation between the residual content and the irradiation dose, we depict the linearity between absorbed dose (D) and the peak area (A) as shown in Fig. 2 . 
Feasibility of using thiamine hydrochloride as a dosimeter
As a radiation dosimeter, a substance should satisfy certain stability requirements during sampling. Thus, the stability of different concentrations of TH solutions were investigated by chromatography. The experiments indicated that a TH solution with a concentration higher than 0.03 g/L is stable, and is thus suitable for irradiation sampling. These characteristics make it possible to avoid attenuation.
Some chemical radiation research using dyes, such as light green, 10 thymol blue, 11 need to be conducted in the absence of light because light will influence the stability of the dye and interfere with dose measurements. We tested the sensitivity of TH solutions towards light. In this experiment, samples of TH solution were placed under diffuse sunlight and fluorescence light for 10 h, respectively, to observe visible light influence on its content. The result of chromatography test showed that no content change occurred when it was subjected to natural light illumination. This suggests that visible light does not have any effect on the TH solutions. Thus tubes that contain thiamine just need a basic seal to keep them clean and avoid volatilization.
To test the thermal stability of a TH solution, we placed samples at a temperature of 100 C in a water bath for 2 h to see if it could endure high temperature. Under this condition, the result showed that the sample content did not change, and that the TH solution exhibited good thermal stability. Therefore, it can conveniently be stored before use at different temperatures.
To conclude, the tests mentioned above indicate that the TH solution has good stability with the variance of time, temperature and illumination. Thus, it is a kind of ideal material for dosimeter research.
Study of the radiolysis mechanism
To study the chemical reaction mechanism of a TH solution with irradiation, some investigators considered that it is due to free radicals produced by ionizing radiation which would degrade the thiamine molecule into thiazole and pyrimidine fragments. 12 The concentration change after radiation can be confirmed through chromatographic separation. Thiamine molecules are gradually decomposed after a high dose of radiation. And for a low concentration of a thiamine solution with a high radiation dose, the division of the chromatographic peak would be more severe. As a result, the division extent of the chromatographic peak was positively correlated with the radiation dose, and negatively correlated with the concentrations of thiamine. The evolution of the chromatographic peak with the increase of radiation dose is shown in Fig. 3 .
In this study, the degradation mechanism of thiamine was firstly explored by adopting chemical methods. Potential influencing factors of a vitamin B1 aqueous solution are discussed as follows. First, 0.3 g/L TH solutions were prepared and transferred into tubes with plug; each tube was accurately loaded with a 5 mL solution. Then, hydrochloric acid (1 mol/L), sulfuric acid (1 mol/L), sodium hydroxide (1 mol/L) and hydrogen peroxide solution (3%) were added with a volume of 0.5 mL solution to each tube, respectively. For the UV irradiation experiment, 2 mL of the TH solution was transferred to a weighing bottle; the lid was taken off and the solution was exposed to ultraviolet irradiation with a final absorbed dose of 32727 J/m 2 . Additionally, blank experiments were performed. The results are given in Table 1 .
As can be seen from this table that among these influencing factors, the most influential ones are the sulfuric acid solution treatment; the content decrease is 93%. Thus, in further research the quantity of sulfuric acid was reduced; that is, 0.05 mL sulfuric acid was added into 5 mL of the TH solution. After an examination with HPLC, a chromatogram similar to that of the radiation effect was obtained, as shown in Fig. 4 .
The result shows that sulfuric acid has the same division effect as radiation. Since concentrated sulfuric acid, itself, is a strong oxidizing substance, sulfuric acid may have an oxidation effect on the molecular structure of amino and hydroxyl, and possibly have a separation effect on pyrimidine and thiazole at the weak methylene link, which leads to a split at the chromatographic peak.
Mass spectroscopy (MS) was also employed in this study to identify the change. Samples before and after radiation were tested under the same conditions. The mass spectrometry of TH is shown in Fig. 5 . The spectra in Fig. 5(A) are samples without any radiation treatment. The peak of m/z 265 is the molecular ion peak of TH after losing two hydrochloric acid in the mass system. m/z 143 and m/z 122 are the main ion fragments, which represent thiazole and pyrimidine, respectively; the fracture mode is shown in Fig. 6(A) . The mass spectrogram of the sample after radiation is shown in Fig. 5(B) . The thiamine molecular ion peak, m/z 265, is remarkably decreased, which indicates that the content of the thiamine molecules is lower. m/z 175 is supposed to be a new compound that reacted with water under the radiation effect, as shown in Fig. 6(B) . As can be seen from this figure, the abundance of the ion fragments increased significantly after irradiation, which could be due to the degradation products of thiamine. Relative to the decreased abundance of the molecular ion peak of thiamine, the abundance of the thiazole peak (m/z 143) increased substantially after irradiation, which indicates that thiazole was separated from the thiamine molecule.
The thiazole and pyrimidine structure involves an unsaturated heterocyclic ring. The ring structure is stable and not easily broken, but the methylene bond is relatively labile, which makes it easier to fracture and form stable fragments. Combined with the HPLC results, new relevant substances are generated. Thus, we speculate that ionizing radiation induces cleavage of the thiamine molecule according to the pathways shown in Fig. 6 .
Nuclear magnetic resonance (NMR) also reveals that after γ-ray irradiation, the magnetic resonance signal shifts to a low magnetic field, and the 1 H peak turns out to be much wider, thus implying that shielding and electronic effects of 1 H are weakened. Since heteroaromatic hydrocarbons are stabile compounds, cleavage of the chemical bonds was supposed to have occurred upon the methylene linkages.
Selection of the concentration and experimental conditions
In order to select suitable concentration, thiamine solutions with different concentrations, including high, middle and low, were prepared, subjected to radiation, and tested for the content change with HPLC. The resulting chromatograms are shown in Fig. 7 .
From this figure it can be found that after irradiation, the concentrations of 0.005 and 0.05 g/L thiamine solutions are obviously influenced by the peak split and severe deformation. This also indicates that radiation has a great chemical effect on thiamine. For concentrations of 0.3 and 2 g/L irradiated samples, the peak shape is still good, which make it more suitable for chromatographic quantitative analysis.
Thiamine hydrochloride contains hydrochloric acid molecules, and has good stability in an acidic environment, while it is readily degraded under alkaline conditions (degradation products could be observed from chromatograms after an alkali treatment). On the other hand, after being exposed to different levels of radiation, the thiamine molecule degraded and their structure changed. In order to testify whether the additional hydrochloride acid has any stabilizing effect on the TH solution under radiation, 0.05 g/L of the TH solution was selected for irradiation; then, 0.1 mL of hydrochloric acid (0.1 mol/L) was added to 1 mL of thiamine solution after irradiation. The contrast samples were irradiated directly without adding hydrochloric acid.
The chromatogram of the acidified thiamine solution shows that with acid added, the linearity between the content and the dose is poorer compared with the direct irradiation group. More acidic conditions did not have any protective effect after radiation, but the TH content became even lower. Two reasons are supposed to be responsible for this phenomenon. The original pH for different concentrations of TH solutions was about 3.0. If more hydrochloric acid is added, the oxidation of thiamine may occur, which is similar to the effect of sulfuric acid. Another reason is that, according to our experiment, thiamine is unstable in low acidity; some of the molecules decomposed as excess acid was added. Thus, its content decreased compared to that without acid being added.
The linear equations between the radiation and the content change of TH are not the same at different temperatures, so it is desirable to conduct a pre-linearity test to revise the equations before their usage. At low temperature (5 C) and room temperature (20 C), there is a good linearity between the radiation and the content change of TH. As the temperature increased above 30 C, TH content decreases slightly after radiation. Thus, when a radiation measurement is carried out at high temperatures, a cooling device is needed in order to obtain a more accurate result.
Stability of the irradiated solutions
As can be seen in Fig. 8A , a 0.3 g/L TH solution has good radiation stability. It keeps an unchanged intensity of the dose signal for as long as 100 h after radiation. Thus, if there is some unavoidable delays for HPLC measurements of the samples after radiation, the concentration of 0.3 g/L thiamine solution can be used, and the accuracy of the result can be guaranteed. For a 2 g/L TH solution, the post-irradiation stability is shown in Fig. 8B . Based on changes of thiamine content with time, it is preferable to conduct dose measurements with HPLC within 25 h in order to ensure the accuracy of the results.
Conclusions
In our experiment, a TH solution was employed for irradiation with 60 Co γ-rays. The TH solution was then analyzed with HPLC. With the good separation and high sensitivity of HPLC, the accuracy of the results could be ensured, and the substance is was easily separated. The chromatographic peak values of TH exhibit good linearity with the radiation doses, and the fundamental effect of radiation was studied. On the basis of the experimental results, a simple and convenient dosimeter was explored, which can be applied in radiation dose measurements.
There are many advantages of using TH as a detection material for a dosimeter. Thiamine is easily available, and the cost of testing is low. The preparation is non-toxic, simple and easy, since it does not need any special disposal before or after the radiation dose test. TH will not be affected by temperature and illumination before sampling, which makes it easier to store and transport. With the HPLC method used to determine dose, results with high accuracy can be obtained, and no other valuable equipment is required. The stability of TH is good, and can thus be preserved for a certain period of time. Therefore, it is a convenient and simple material for measuring the radiation dose.
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